& The present study investigated the relationships between attention and other preparatory processes prior to a response inhibition task and the processes involved in the inhibition itself. To achieve this, a mixed fMRI design was employed to identify the functional areas activated during both inhibition decision events and the block of trials following a visual cue introduced 2 to 7 sec prior (cue period). Preparing for successful performance produced increases in activation for both the cue period and the inhibition itself in the frontoparietal cortical network. Furthermore, preparation produced activation decreases in midline areas (insula and medial prefrontal) argued to be responsible for monitoring internal emotional states, and these cue period deactivations alone predicted subsequent success or failure. The results suggest that when cues are provided to signify the imminent requirement for behavioral control, successful performance results from a coordinated pattern of preparatory activation in task-relevant areas and deactivation of task-irrelevant ones. &
INTRODUCTION
Possessing information that a challenging cognitive task will soon be presented has been shown to improve a participant's task performance (Rogers & Monsell, 1995) . Recent neuroimaging studies have attempted to isolate the neuroanatomical regions activated during this task preparation phase and have implicated both frontal and midline brain regions (Sakai & Passingham, 2003; Brass & von Cramon, 2002; Luks, Simpson, Feiwell, & Miller, 2002; MacDonald, Cohen, Stenger, & Carter, 2000) . The anterior prefrontal cortex (Sakai & Passingham, 2003 ) (PFC), dorsolateral PFC (MacDonald et al., 2000) , inferior frontal junction, and pre-SMA (Brass & von Cramon, 2002) have been shown to activate during the preparation for a cognitively demanding task, with the suggestion that these regions are involved in the implementation and maintenance of task-appropriate goals and behaviors. The anterior cingulate cortex (ACC) has also been found to be active in task preparation paradigms, particularly in response to cues that produce conflict by potentiating competing task behaviors (Luks et al., 2002; MacDonald et al., 2000) . The detection of conflict during task preparation is consistent with the hypothesized role of the ACC in other types of information processing (Garavan, Ross, Murphy, Roche, & Stein, 2002; van Veen, Cohen, Botvinick, Stenger, & Carter, 2001; van Veen & Carter, 2002) .
A greater understanding of how people exert top-down control over cognitive processing at a neurophysiological level is important not only to our understanding of how people voluntarily control their actions in response to dynamic and rapidly changing environments, but may also prove illuminating to clinical disorders where these skills are impaired, such as attention deficit hyperactivity disorder (Stevens, Quittner, Zuckerman, & Moore, 2002; Rapport, Van Voorhis, Tzelepis, & Friedman, 2001 ; Barkley, 1997) , traumatic brain injury (TBI ) and other ''disinhibition'' syndromes (Tekin & Cummings, 2002; Cummings & McPherson, 2001; Konrad, Gauggel, Manz, & Scholl, 2000) . Given this application, we attempted to extend previous functional neuroimaging studies by comparing the neural activation maps prior to successful and failed task performance during a response inhibition task. The task employed a mixed block and event-related fMRI design to identify the functional areas activated during both no-go decision events, and the block of trials following a visual cue that was introduced 2 to 7 sec prior to the no-go event (cue period). Eighty no-go events (lures) were pseudorandomly placed throughout the sequence of 1176 trials, with 50% of the lures preceded by a cue.
The aim of the present study was to identify patterns of preparatory activation in order to observe how heightened attention is achieved. We were particularly interested in examining whether performance and activation patterns on the subsequent no-go event were related to the pattern of activation during the cue period. Finally, by contrasting cue periods that preceded success with those that preceded failures to inhibit, we wished to determine the neuroanatomical precursors for successful behavioral control.
RESULTS

Behavioral Results
The behavioral results demonstrated significantly fewer ERRORS for cued events than uncued, 20% vs. 40%; t(14) = 5.85, p < .001. A comparison of the mean RT for the cue period and a comparable period prior to uncued lures revealed a significant increase in RT for cue period trials, 370 vs. 340 msec; t(14) 4.155, p < .001. Mean RT during the cue period prior to STOPS was significantly slower than that for ERRORS, 382 vs. 310 msec; t(14) 4.85, p < .001. The length of the cue period (2-4 vs. 5-7 sec) did not appear to influence performance for the no-go events, with 56% of cued errors made on the shorter cue period trials, 56% vs. 44%; t(14) À1.24, p = .233.
Event-Related Activation
Bilateral activation of frontal, parietal, temporal, and subcortical regions consistent with previous studies using the go/no-go task ( Watanabe et al., 2002; Liddle, Kiehl, & Smith, 2001; Garavan, Ross, & Stein, 1999; Garavan et al., 2002; Konishi, Nakajima, Uchida, Sekihara, & Miyashita, 1998) was observed for both the cued and uncued STOPS (Table 1 and Figure 1A ). The activation maps indicate that while there was significant regional overlap, the regions of interest (ROI) analysis, corrected using a modified Bonferroni procedure for multiple comparisons (Keppel, 1991) , indicated that cued STOPS showed significantly greater activation than uncued STOPS in a number of regions including the middle frontal and parietal regions. Bilateral inferior frontal and parietal activation was also evident for ERRORS, as well as cingulate, transverse temporal, thalamic, and insula activation. A similar pattern of greater activation in the cued condition was observed in the ERROR activation maps (Table 2 and Figure 1B ).
Cue Period Activation
Examination of the cue period activation map prior to STOPS revealed a network of regions including the middle frontal, superior parietal regions, pre-SMA/dorsal ACC region, temporal, occipital, insula, and fusiform gyri (see Table 3 and Figure 1C ). The activation map for the cue period prior to ERRORS indicated only one cluster of activation above threshold in the posterior cingulate region. An ROI analysis compared the level of activation for the cue period prior to STOPS with those prior to ERRORS. The results indicated two regions, the left medial frontal gyrus (Brodmann's area 32/9) and left insula (BA 13), which were significantly deactivated prior to STOPS relative to errors, whereas the right posterior cingulate (BA 31/30) significantly decreased in activity ( but remained above baseline) ( Figure 2 ). None of the positively activated areas differed between STOPS and ERRORS.
Given these results, we performed an ROI comparison between the cue period prior to STOPS and a comparable period prior to uncued STOPS. The regions of interest were those seen in the cue period. The analysis indicated that all areas were significantly different ( p < .01), with the level of activation being greater during the cue period in all but five regions where significant deactivation occurred in the left medial frontal gyrus (BA 32/9), caudate, left precuneus/cingulate, and left insula (see Table 3 ). The left medial frontal and left insula regions had also been the areas significantly deactivated during the cue period prior to STOPS.
The effect of cueing on those areas involved in response inhibition was investigated by comparing the level of activation during the period prior to cued and uncued STOPS in the event-related STOP clusters. The analysis indicated significantly greater activation ( p < .01) during the cue period when contrasted to the comparable period prior to uncued STOPS in 10 of 21 regions, including bilateral middle frontal, inferior parietal, and middle temporal regions, as well as left precuneus and lentiform nuclei. None of the midline areas activated during the event-related STOPS (see Table 1 for areas) increased in activation during the cue period when compared to the equivalent uncued pre-no-go period.
DISCUSSION
From analyzing the patterns of functional brain activity prior to and during the preparation for behavioral control, we found that successful task performance resulted from a pattern of activating task-relevant areas Konishi et al., 1998) , and is also consistent with the findings of a frontal network of regions being activated in preparation for a demanding cognitive task (Sakai & Passingham, 2003; Brass & von Cramon, 2002; Luks et al., 2002) . The present study's findings appear to support the hypothesis that preparation involves activation of taskrelevant cortical areas (Sakai & Passingham, 2003; Brass & von Cramon, 2002) . Our results, however, represent an extension of this work by providing a comparison between task preparation prior to successes and failures, as well as comparing a cued preparation period with a comparable period prior to uncued task performance. The product of these additional comparisons was the finding of a decrease or deactivation in regions not subsequently required for successful behavioral control. These deactivations occurred in concert with the increases in frontoparietal activations, and included areas such as the left medial frontal gyrus, left insula, caudate, and precuneus/posterior cingulate. Two of the areas, the left medial frontal and left insula regions, were also found to be significantly deactivated when comparing the cue period prior to successes with the period prior to failures. Failure to decrease activation in the left medial frontal and insula regions in concert with the ''attentional'' increases related directly to failed performance. These two cortical regions have been implicated in neuroimaging studies of emotion (Phan, Wager, Taylor, & Liberzon, 2002) , with the suggestion that cingulate and insula regions are involved in the monitoring of an individual's internal emotional state (Damasio et al., 2000; Simpson et al., 2000; Reiman et al., 1997) . A number of studies have also demonstrated these areas to be deactivated during the performance of demanding cognitive tasks that required direction of attention to external cues (Lawrence, Ross, Hoffman, Garavan, & Stein, 2003; Gray, Braver, & Raichle, 2002; Perlstein, Carter, Noll, & Cohen, 2001; Shulman et al., 1997) . Our findings attribute a functional significance to these deactivations as they uniquely predicted whether the subsequent attempt to inhibit would be successful.
A possible hypothesis to account for the observed activation/deactivation during successful task preparation is that cueing may provide an opportunity for topdown control to decrease the resources devoted to monitoring internal states (Gusnard, Akbudak, Shulman, & Raichle, 2001; Raichle et al., 2001 ), while in turn increasing the attentional resources devoted to processing external stimuli. A coordinated process such as this appears to combine the hypothesized roles for a number of the cortical regions implicated in the present study. For example, the dorsal ACC/ pre-SMA and dorsolateral PFC regions have been argued to interact in attentional processing through the coordinated response to conflict (Garavan et al., 2002; van Veen & Carter, 2002; MacDonald et al., 2000) . This hypothesis suggests that the ACC plays an evaluative role, detecting conflict between competing behavioral responses. When conflict is detected, the ACC prompts the DLPFC to allocate greater attentional resources to the task. In the present study, the provision of an informative cue was designed to increase the monitoring and top-down control towards the two alternate responses, the prepotent motor response (a button press in response to a go stimulus) and the withhold response (to a no-go stimulus). The activation results indicated that in the period following a cue, both the dorsal ACC/ pre-SMA and DLPFC regions had significantly greater activation than baseline levels, and significantly greater levels than the comparable period prior to uncued events.
The increase in dorsal ACC and DLPFC activation might also account for the deactivations in the taskirrelevant midline areas (left medial frontal gyrus, left insula and right posterior cingulate). Several studies have found a reciprocal suppression of emotion/cognition interactions, where performance of cognitively demanding tasks results in the suppression of cortical regions important to emotion, such as the rostral ACC, orbitofrontal cortex, amygdala, and insular cortex (Perlstein et al., 2001; Bush, Luu, & Posner, 2000; Mayberg et al., 1999; Drevets & Raichle, 1998) . Our findings are consistent with this hypothesis and, furthermore, suggest that top-down control also has the capacity to deactivate emotion-related cortical regions in the preparation for, as well as during, a cognitively demanding task.
Implications
The present study therefore offers an insight into how the brain prepares for successful behavioral control. The concurrent activation/deactivation pattern observed suggests that although increased activation in task-appropriate areas is beneficial to competent task performance, nonsuppression of task-irrelevant activation may lead to interference with task performance. This finding may have application to those groups that have difficulty with behavioral control. Failures of this type may not necessarily reflect inactivation or impairment of task-appropriate areas, but rather the inability to deactivate or maintain the deactivation of task-inappropriate areas, or perhaps a deficit in the coordination of attentional allocation. For example, Lawrence et al. (2003) have demonstrated that subjects performing the same attentionally demanding task can have different patterns of functional activations and deactivations. Their results showed that participants had either activated attentional regions, or deactivated ''emotional processing'' areas, or engaged in both processes, but all patterns had led to successful performance.
An application of this hypothesis can be made in the case of patients with traumatic brain injury for whom a common outcome is severe difficulty with tasks requiring sustained attention (Bate, Mathias, & Crawford, 2001b; Chan, 2001; Robertson, Manly, Andrade, Baddeley, & Yiend, 1997; Whyte, Polansky, Fleming, Coslett, & Cavallucci, 1995) . However, exogenous cueing of attention typically results in improvements to performance, which indicate patients are within ''normal'' limits (Bate, Mathias, & Crawford, 2001a; Whyte, Fleming, Polansky, Cavallucci, & Coslett, 1997) . This pattern of performance suggests that while the underlying attentional system is intact, the ability to maintain appropriate distribution of attentional resources may be impaired. In these individuals and others with impaired behavioral control, the allocation of resources may be overly distributed to monitoring of internal states, which during sustained attention tasks leads to interference with performance. However, when an individual is provided with exogenous cueing, it prompts the redistribution of attentional resources.
This hypothesis would suggest that poor performance in patient groups might result from impairment to the functional interaction between areas that detect heightened task demands (e.g., midline areas that monitor response conflict) and DLPFC areas. Although the literature indicates dysfunction in these cortical areas is a common sequelae of TBI ( Yount et al., 2002; Bush et al., 1999; Fontaine, Azouvi, Remy, Bussel, & Samson, 1999; Gross, Kling, Henry, Herndon, & Lavretsky, 1996; Matochik, Zametkin, Cohen, Hauser, & Weintraub, 1996) , direct confirmation of this hypothesis has yet to be undertaken, although functional imaging of behavioral control tasks such as the go/no-go in individuals with compromised attentional function may prove illuminating.
Effects of Cueing on ERRORS
An unexpected finding, but one that deserves further investigation, was the effect of providing cues to the cortical activation seen during a failed attempt to exert behavioral control. A comparison of cued and uncued ERRORS indicated greater activation for cued ERRORS in a number of regions, most notably left sided inferior frontal (BA 44 and 47), insula (BA 13), and transverse temporal (BA 42) regions. One explanation for this result is that cued ERRORS might provoke a greater self-admonishment from participants, as they had been unable to exert behavioral control despite the warning of its imminent requirement. Consistent with this hypothesis, previous functional imaging studies of emotional and verbal/subvocalization processing (Phan et al., 2002; Fiez, 2001; Cabeza & Nyberg, 2000) have demonstrated activation in these same regions.
Conclusions
The results of the present study offer an insight into the cortical areas that are the precursors to inhibitory failure and success. They demonstrate that task preparation includes the top-down control of mobilizing the necessary resources to complete a task prior to the task activity itself being undertaken, which includes both the activation of task-relevant cortical regions and the deactivation of task-irrelevant regions. Furthermore, this interrelationship between cortical activation changes directly influences behavioral performance.
METHODS Subjects and Task Design
Fifteen right-handed subjects (10 women, mean age 30, range 23-40), reporting no history of neurological or psychological impairment, completed a go/no-go task, visually presented in Figure 3 based on our earlier work (Garavan et al., 2002) , after providing written informed consent. The letters X and Y were presented serially in an alternating pattern at 1 Hz (900-msec stimuli on screen, 100 msec blank) and subjects were required to make a button press response to each letter. Responses and response speed were recorded. Responses were to be withheld to lure stimuli: A lure occurred when the alternation was interrupted (e.g., the fifth stimulus in the train X-Y-X-Y-Y-X-Y ). The go/no-go task employed a mixed block and event-related fMRI design to identify the functional areas activated during both no-go decision events, and the block of trials following a visual cue that was introduced 2 to 7 secs prior to the no-go event (cue period). The font of an X or Y was changed to strikethrough (e.g., -X -) for the visual cue stimuli. The event-related design of this experiment allowed the lures to be distributed unpredictably throughout the stimuli stream. During fMRI scanning, subjects completed four runs that contained 1176 targets (go stimuli) and 80 lures (no-go stimuli) that included an equal distribution of cued and uncued lures. This ratio resulted in an average interlure interval of 15.75 sec. Figure 3 . The XY go/no-go task employed for the current study. Subjects were required to make a button press response to each letter (respond), which were presented at 1 Hz (900 msec on screen, 100-msec interstimulus interval). Responses were to be withheld to no-go events (indicated by inhibit), which on 50% of occasions was preceded by a visual cue (cue) occurring two to seven trials in advance of the no-go event.
Scanning Parameters and Data Analyses
All scanning was conducted on a 1.5T Siemens VISION scanner in which foam padding was used to restrict head movements. Contiguous 5-mm sagittal slices covering the entire brain were collected using single-shot, T2* weighted echo-planar imaging sequence (TE = 50 msec; TR = 2000 msec; FOV = 256 mm; 64 Â 64-mm matrix size in-plane resolution). High-resolution T1-weighted structural MPRAGE images (FOV = 256 mm, isotropic 1-mm voxels) were acquired following functional imaging to allow subsequent activation localization and spatial normalization. Stimuli were delivered using an IFIS-SA stimulus-delivery system (MRI Devices, Waukesha, WI), which was equipped with a head-coil-mounted 640 Â 480 LCD panel. This shielded LCD screen is mounted on the head coil, directly in the subjects' line of vision.
All analyses were conducted using AFNI software (Cox, 1996) . Following image reconstruction, the time series data were time shifted using Fourier interpolation to remove differences in slice acquisition times, and motion corrected using 3-D volume registration ( least squares alignment of three translational and three rotational parameters). Activation outside the brain was also removed using edge detection. No subjects showed significant residual motion, thus allowing for all 15 to be included. The first five and last two images of each run were excluded from further analyses, as these images were acquired during brief rest periods.
Separate hemodynamic response functions at 2-sec temporal resolution were calculated using deconvolution techniques for successful response inhibition (STOPS) and errors of commission (ERRORS) in both the cued and uncued conditions. Block activation functions for the cue periods were identified as the period beginning with the presentation of the cue stimulus and ending with the trial immediately prior to the presentation of a lure. Although the stimulus stream was presented at 1 Hz, all events of interest were timelocked to the beginning of the 2-sec whole-brain volume acquisition.
A mixed regression analysis was used whereby cue period blocks were calculated as a percentage change relative to baseline. The baseline in this design is an implicit one and is indicative of ongoing and remaining task-related processing after the variance related to the other types of events have been removed. Separate impulse response functions (IRFs) were calculated for the four event-related conditions: Cued STOPS, cued ERRORS, uncued STOPS, and uncued ERRORS. A nonlinear regression program determined the best fitting gamma-variate function for these IRFs (Cohen, 1997) as previously described (Garavan et al., 1999) . The area under the curve of the gamma-variate function was expressed as a percentage of the area under the baseline. The percentage area (event-related activation) and percentage change map (block activation) voxels were resampled at 1-mm 3 resolution, then warped into standard Talairach space (Talairach & Tournoux, 1988) and spatially blurred with a 3-mm isotropic rms Gaussian kernel.
Group activation maps for each condition (cued and uncued STOPS, cued and uncued ERRORS, cue period prior to STOPS and ERRORS) were determined with one-sample t tests against the null hypothesis of zero event-related activation changes (i.e., no change relative to tonic task-related activity). Significant voxels passed a voxelwise statistical threshold (t = 4.14, p = .001) and were required to be part of a larger 142-Al cluster of contiguous significant voxels. Thresholding was determined through Monte Carlo simulations and resulted in a 5% probability of a cluster surviving due to chance.
The activation maps were then combined within categories, deriving OR maps of cued and uncued STOPS, cued and uncued ERRORS, and cue periods prior to STOPS and ERRORS. An OR map includes the voxels of activation indicated as significant from either of the constituent maps. The mean activation for clusters in the combined maps was calculated for the purposes of an ROI analysis, and these data were used for a series of pairwise comparisons between conditions, corrected using a modified Bonferroni procedure for multiple comparisons (Keppel, 1991) .
Secondary Analysis
To ensure that activation produced during the cue period did not overlap with activation produced by the events, an additional analysis that accommodated the hemodynamic lag of the cue period was performed. Blocks corresponding to the cue periods were convolved with a standard hemodynamic response and all analyses were repeated. This analysis produced identical results to the initial analysis so only the former will be reported.
Following initial analysis it was decided to examine the period of activation prior to uncued lures. To provide an equivalent period for comparison, the length and location of cue periods prior to cued lures were transposed to the periods prior to uncued lures. Due to the temporal spacing of lures, the creation of blocks prior to uncued lures did not overlap with other events of interest. The activation maps for blocks prior to uncued STOPS and uncued ERRORS were then calculated using the method described above.
Due to the small number of cued ERRORS available for the ERROR analysis, we examined the effect of collapsing cued and uncued ERROR events into a single condition. All group analyses were repeated and yielded identical results for the cue period blocks, and cued and uncued STOPS. The new activation map for combined ERRORS contained six clusters, all of which overlapped with clusters identified in the OR ERROR map of the initial analyses. An ROI analysis was performed to compare the level of activation for cued and uncued ERRORS in these six clusters, revealing significantly greater activation in the right inferior parietal region (BA 40) during the cued ERROR condition. Due to the similarity between the OR ERROR map and the combined ERROR map, the results of the initial analysis that allowed for comparison of cued and uncued ERROR activations was reported.
